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ABSTRACT

It has been shown previously that the synonymous substitution rate between Escherichia coli and Salmo-
nella typhimurium is lower in highly than in weakly expressed genes, and it has been suggested that this
is due to stronger selection for translational efficiency in highly expressed genes as reflected in their
greater codon usage bias. This hypothesis is tested here by comparing the substitution rate in codon
families with different patterns of synonymous codon use. It is shown that the decline in the substitution
rate across expression levels is as great for codon families that do not appear to be subject to selection
for translational efficiency as for those that are. This implies that selection on translational efficiency is
not responsible for the decline in the substitution rate across genes. It is argued that the most likely
explanation for this decline is a decrease in the mutation rate. It is also shown that a simple evolutionary
model in which synonymous codon use is determined by a balance between mutation, selection for an
optimal codon, and genetic drift predicts that selection should have little effect on the substitution rate

in the present case.

YNONYMOUS codon bias increases with gene ex-
pression levels in enteric bacteria (GOUY and GAU-
TIER 1982; IKEMURA 1985). This is thought to be due
to selection in favor of efficiently translated codons
(SHARP and L1 1986) that increase the rate or accuracy
of translation (BULMER 1991). We will subsume both
types of selection in this paper under the term “‘transla-
tional efficiency’”’. SHARP and L1 (1987a) have shown
that the synonymous substitution rate in enterobacterial
genes decreases in relation to gene expression levels.
They suggest that this could also be due to the increas-
ing strength of selection in favor of efficiently translated
codons. In this paper we set out to test this hypothesis
by taking advantage of differences in the patterns of
synonymous codon use between different codon fami-
lies. Some codon families, such as AAA and AAG encod-
ing Lys, show almost no change in usage between highly
and lowly expressed genes. This suggests that there is
little or no difference between these codons in transla-
tional efficiency. Other families, such as UUU and UUC
encoding Phe, show a strong preference for one codon
in highly expressed genes with more equal usage in
weakly expressed genes, suggesting selection of the pre-
ferred codon for translational efficiency in highly ex-
pressed genes. If selection on translational efficiency is
the major factor determining the decline in the substi-
tution rate across genes, then there should be little
decline in the synonymous substitution rate for a codon
family such as Lys but a large decline in the substitution
rate for a family such as Phe. This prediction will be
tested.
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MATERIALS AND METHODS

Two data sets were used in this analysis. The first was a
compilation of 1286 complete E. coli sequences from the Eco-
seq6 database (RUDD 1992). The second was a collection of
128 aligned Escherichia coli and Salmonella typhimurium genes
extracted from GenBank release 74. The first 50 codons were
removed from all genes since they appear to be subject to
different processes, the synonymous substitution rate being
lower at the start than in the rest of the gene (EYRE-WALKER
and BULMER 1993) . Both data sets were split into four groups
according to their codon adaptation index (CAI), calculated
by the method of SHARP and L1 (1987b) with modifications
suggested by BULMER (1988): CAI > 0.6, 0.5 < CAI < 0.6,
0.35 < CAI < 0.5, and CAI < 0.35. These groups correspond
with very highly, highly, moderately, and weakly expressed
genes; the CAI value is highly correlated with the level of
gene expression (GOuy and GAUTIER 1982; IKEMURA 1985)
and can be used as a surrogate measure of gene expression.

Synonymous substitution rates between pairs of synony-
mous codons, say UUU and UUC coding for Phe, were calcu-
lated as follows. For a group of genes from the second data
set, compute the frequencies of UUU/UUU, UUU/UUC,
UUC/UUU, and UUC/UUC, where UUU/UUC denotes
the occurrence of UUU and UUC, respectively, at homolo-
gous positions in E. coli and S. typhimurium; call these frequen-
cies fi, o, f5, and f;. The proportion of substitutions is p =
(f + f3)/ n, where n is the sum of the four frequencies. This
was corrected for multiple hits from the formula

S=—bIn(l - p/b), (1)
where

b=1—(A+RAFLY/n* = (h+L)(R+[)/n* (2)

(TAjiMA and NEI 1984; BULMER ef gl 1991). This correction
is exact for twofold degenerate sites if the system is at equilib-
rium (EYRE-WALKER 1994a) . It was also used to estimate pair-
wise rates at fourfold degenerate sites, for example, the rates
between GCU and GCC or between GCU and GCA in the
four codon family for Ala, but in this case the estimated substi-
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TABLE 1
Codon usage and synonymous substitution rate (SSR) (with SE) for the two-codon families Lys and Phe

Codon
family CAI > 0.6 05 <CAI <06 0356 <CAI <05 CAI <0.35
Proportion AAA 0.82 + 0.01 0.79 *+ 0.01 0.77 = 0.01 0.75 = 0.01
AAR (Lys) Estimated SSR =+ SE  0.10 + 0.03 0.24 + 0.06 0.43 = 0.05 0.48 * 0.09
Proportion UUC 0.80 + 0.01 0.69 = 0.01 0.52 = 0.01 0.37 = 0.01
UUY (Phe) Estimated SSR =+ SE  0.19 *+ 0.06 0.32 = 0.09 0.54 = 0.05 0.65 = 0.09

tution rate is likely to be a slight overestimate of the true rate.
The sampling variance can be estimated as

1_
Var (S) =;f’l(—_?%. (3)

We concentrated on pairwise substitution rates because we
wanted to determine the interaction between the change in
substitution rate and the change in codon usage with expres-
sion level. The relative difference in codon usage for a pair
of synonymous codons between highly and weakly expressed
genes can be measured by the odds ratio defined as
Odds ratio =

Odds ratio =&XE. (4)
Ju i

In this formula fis codon frequency, the subscripts 1 and 2
refer to the optimal and suboptimal codons (the optimal
codon being defined as the codon used most often in highly
expressed genes), and the subscripts H and L refer to highly
and lowly expressed groups of genes.

RESULTS

Table 1 shows the codon usage and the estimated
substitution rates for two representative codon families,
Lys and Phe, across four gene expression levels. Codon
usage is shown in the first row for each family. There
is little change in usage for Lys, indicating weak selec-
tion for translational efficiency, whereas there is an ap-
preciable change for Phe. However the considerable
decline in the substitution rate appears to be as great
for Lys as it is for Phe, suggesting that selection upon
translational efficiency is not responsible for the decline
in the substitution rate across genes. Similar results
were obtained for other two-codon families, but there
is only space to present a summary of the results here.

Table 2 shows the synonymous substitution rates in
nine two-codon families. The last column shows the
odds ratio between very highly and weakly expressed
genes, which can be used as a measure of the magnitude
of selection for translational efficiency in highly ex-
pressed genes. The codon families are ranked in in-
creasing order of the odds ratio. Comparison across
the rows shows that the substitution rate increases with
decreasing level of gene expression at about the same
rate in all codon families. Comparison down the col-
umns shows little or no change in substitution rate at
a fixed expression level as the odds ratio increases; this
impression is confirmed by the chi-square tests for het-

erogeneity within columns. The main pattern is the
change in substitution rate with expression level, which
is summarized by the means at the bottom of the table;
they were calculated as weighted averages of the substi-
tution rates in each column.

Comparable information can be obtained from data
on three- and four-codon families by considering them
as pairs of two-codon families. For example, the four-
codon family GCN (Ala) can be considered as com-
posed of two subfamilies, GCY and GCR. Transitional
substitution rates for GCY were estimated by including
only those codons in which both species have GCY and
likewise for GCR. Data on nine two-codon subfamilies
on which sufficient information was available are shown
in Table 3. The results are very similar to those in Table
2. The column means are somewhat higher than those
in Table 2; this may be due to treating a fourfold site as
a series of twofold sites { see MATERIALS AND METHODS ) .

An overall test from the data in these two tables of
whether there is a relationship between high codon
usage bias and low substitution rate can be obtained by
correlating the ratio of the substitution rates in weakly
and very highly expressed genes with the logarithm of
the odds ratio. A positive correlation would suggest that
such a relationship exists. The observed correlation is
—-0.06.

The same method can be used to estimate transver-
sional substitution rates in four-codon families. For ex-
ample, the third position substitution rate between U
and A for Ala can be estimated by considering only
those sites at which both species have GCU or GCA.
There is only enough data to estimate these rates reli-
ably for two four-codon families, Ala and Val. The re-
sults are shown in Table 4. The results are similar to
those in Tables 2 and 3, except that the substitution
rate in weakly expressed genes is substantially lower.
This probably reflects a lower mutation rate for trans-
versions than for transitions, which is well documented

in eukaryotes (LI and GRAUR 1991).

DISCUSSION

The decline in the substitution rate across gene ex-
pression levels appears to be independent of selection
in favor of synonymous codon bias; amino acids such
as Lys, which show little change in codon usage bias,
show as great a decline in substitution rate as amino
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TABLE 2
Synonymous substitution rates (SSR) and odds ratio at twofold degenerate sites

SSR SSR SSR SSR
Codon family CAI >06 05<CAI<06 035<CAI<05 CAI<035 Oddsratio

UGY (Cys) 0.05 0.52 0.76 0.87 14
AAR (Lys) 0.10 0.24 0.43 0.48 1.5
GAR (Glu) 0.12 0.27 0.49 0.75 2.0
GAY (Asp) 0.20 0.50 0.54 0.66 3.4
CAR (GIn) 0.21 0.36 0.48 0.66 4.2
UAY (Tyr) 0.35 1.33 0.60 0.64 5.1
CAY (His) 0.29 0.46 0.65 0.84 6.2
UUY (Phe) 0.19 0.32 0.54 0.65 6.6
AAY (Asn) 0.06 0.30 0.61 0.83 9.9
Mean 0.16 0.41 0.54 0.69

Chi square (8 df) for

heterogeneity 18.2* 7.8 NS 11.7 NS 9.1 NS

NS, not significant. * P < 0.05.

acids like Phe, which show a large change in codon
usage bias. This suggests that selection on translational
efficiency is not responsible for most of the decline in
the synonymous substitution rate across genes. This
then raises two questions. First, what is responsible for
the large decline in the synonymous substitution rate
across expression levels? Second, why does selection on
codon bias appear to leave the synonymous substitution
rate unaffected?

There are two possible reasons for the decline in the
synonymous substitution rate; either the mutation rate
could be declining in relation to gene expression level
(BERG and MARTELIUS 1995), or there could be an
increase in another conflicting selection pressure act-
ing upon synonymous codon use. For instance we have
previously shown that the substitution rate between L.
coli and S. typhimurium is substantially reduced near the
start of the gene (EYRE-WALKER and BULMER 1993).
We interpreted this fact, coupled with a reduction in
synonymous codon bias at the beginning of the gene,

as evidence of selection in this region from another
source such as secondary ribosome binding sites or the
avoidance of mRNA secondary structure. However con-
flicting selection pressures do not appear to be respon-
sible for the decline in the synonymous substitution
rate with expression levels away from the start of the
gene for two reasons.

First, although the codon family of Lys shows no
trend in codon bias across genes indicating a lack of
selection for translational efficiency, it does show strong
codon bias (Table 1). It is difficult to imagine how
another selection pressure increasing in strength in re-
lation to gene expression level could preserve this bias.
Instead it seems likely that the preference arises
through mutation biases; BULMER (1990) has demon-
strated that there is preference for AAA over AAG on
both the coding and noncoding strands of weakly ex-
pressed E. coli genes. Second, the change in the strength
of selection acting on translational efficiency must be
greater than the change in any other selective force

TABLE 3

Transitional synonymous substitution rates (SSR) and odds ratio at fourfold degenerate sites

SSR SSR SSR SSR

Codon subfamily CAI > 06 05<CAI<.06 035<CAI<05 CAI<035 Odds ratio
UCY (Ser) 0.20 0.41 0.72 0.63 1.2
GCR (Ala) 0.29 0.75 0.60 0.84 1.6
ACY (Thr) 0.21 0.43 0.53 0.41 1.6
GGY (Gly) 0.28 0.66 0.64 0.78 1.7
GUR (Val) 0.16 1.92 0.52 0.65 2.6
CCR (Pro) 0.18 0.40 0.57 0.89 2.7
GCY (Ala) 0.26 0.46 0.56 0.70 5.9
AUY (Ile) 0.32 0.43 0.64 0.71 5.0
GUY (Val) 0.31 0.37 0.71 0.71 6.0
Mean 0.25 0.58 0.61 0.73
Chi square (8 df) for

heterogeneity 7.7 NS 4.2 NS 44 NS 6.8 NS
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TABLE 4

Transversional synonymous substitution rates (SSR) and odds ratio at fourfold degenerate sites

SSR SSR SSR SSR

Codon subfamily CAI>06 05<CAI<06 035<CAI<05 CAI<035 Oddsratio
GCU < GCA (Ala) 0.23 0.60 0.48 0.88 1.9
GCU © GCG (Ala) 0.14 0.31 0.34 0.27 3.0
GCC <« GCA (Ala) 0.23 0.18 0.32 0.37 3.1
GCC © GCG (Ala) 0.20 0.23 0.46 0.44 2.0
GUU & GUA (Val) 0.21 0.23 0.49 0.47 14
GUU « GUG (Val) 0.15 0.48 0.47 0.43 3.8
GUC < GUA (Val) 0.13 0.39 0.35 0.39 4.2
GUC < GUG (Val) 0.15 0.46 0.42 0.50 1.6
Mean 0.18 0.36 0.41 0.43
Chi square (7 df) for

heterogeneity 42 NS 9.2 NS 10.9 NS 14.6*

NS, not significant. * P < 0.05.

since high levels of codon bias are observed in highly
expressed genes; it is difficult to understand how a small
change in one selective force can generate a larger
change in the substitution rate than a large change in
another selective force.

It seems more likely that the decline in the synony-
mous substitution rate across genes is due to a decline
in the mutation rate. An inverse relationship between
the mutation rate and expression level might be gener-
ated by a connection between transcription and repair;
repair could be physically linked to transcription, or
transcription could afford the repair enzymes access to
the DNA. It has been shown that the repair of pyrimi-
dine dimers is coupled to transcription in a variety of
organisms, including E. coli (FRIEDBERG et al. 1994).
Note however, that the recent suggestion that very short
patch (VSP) repair efficiency varies with gene expres-
sion level (GUTIERREZ et al. 1994) appears to be un-
founded (EYRE-WALKER 1995).

The second question is why selection on codon bias
does not appear to affect the rate of synonymous substi-
tution greatly. Synonymous codon bias is most simply
seen as a balance between mutation, selection in favor
of optimal codons that increases in magnitude with
gene expression level, and genetic drift (the mutation-
selection-drift or MSD model) . It is possible under this
model to derive the expected relationship between the
synonymous substitution rate and the level of synony-
mous codon bias.

Following L1 (1987) and BULMER (1991 ) we consider
a haploid organism with actual population size N and
effective size N, with a series of unlinked sites at which
two alleles can segregate, representing a pair of synony-
mous codons. Let allele A;, the optimal codon, have
an advantage s over allele A,. Write u for the mutation
rate from allele A, to Ay, and v for the backward rate.
We will assume for the moment that the mutation rate
is independent of gene expression level. Write Py, for
the probability of fixing a new mutant allele A; in an

A, population and P, for the reverse probability. If Nu
< 1 and N < 1, then the equilibrium frequency of
allele A, (i.e., the average proportion of sites fixed for
the optimal codon A; or the average time for which
one particular site is fixed for allele A, ) can be obtained
by considering the flux between the two alleles, since
the population will generally be monomorphic. The
change in the frequency of the A, allele, the optimal
codon, per generation is

Ag = —quPeN + (1 — q) vPyN, (5)
so that the equilibrium frequency of the A, allele is
‘Ug?N"‘S
=— 6
17 0™ + (6)

(Lt 1987; BULMER 1991) since
Py = —2s(N,/N)/[1 — exp(2N,s) ]
Py = 25(N,/N) /(1 — exp(—2Nys)) (7)

(KIiMURA 1983).
The average rate of substitution at such sites at equi-
librium is
S = quP N+ (1 — q) uPy,N. (8)

If we rearrange Equation 6 to get an expression for N,s,
substitute into Equation 7, and divide by the rate of
substitution at a site subject to no selection (i.e, 2uv/
(u + v)), then the rate of substitution relative to that
in a sequence under no selection is

_9d -9 q(1 — x)
R 1"g[u—q)x]’ ©

where x = v/ (u + v). xis the frequency of the optimal
codon in the absence of selection, under mutation pres-
sure alone. The argument of the logarithm is the odds
ratio of the relative frequency of the favored codon under
selection to its relative frequency in the absence of selec-
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FiGURE 1.—The predicted relative substitution rate, R, with
no mutational bias plotted against the frequency of the opti-
mal codon {upper scale on abscissa). The lower scale shows
the odds ratio.

tion (see Equation 4). Simulations (not shown) suggest
that Equation 9 holds even if the sites are completely
linked and under conditions of genetic hitchhiking.

The relative substitution rate is plotted in Figure 1
in the case of no mutational bias (u = v, x = 0.5). It
will be seen that little change in the substitution rate is
predicted until the codon usage bias becomes extreme.
For instance, if we assume that selection upon codon
bias is very weak in lowly expressed genes, we can pre-
dict the substitution rate in highly expressed genes for
different codon families by substituting the codon us-
age in lowly expressed genes for x and that in highly
expressed genes for g. Synonymous codon use in lowly
expressed genes appears to be largely determined by
mutation since the pattern of bias is very similar on the
coding and noncoding strands (BULMER 1990). The
substitution rate in highly expressed genes is predicted
to be 88 and 71% that in lowly expressed genes for Lys
and Phe, respectively. More generally since most of the
odds ratios in Tables 2—4 are <4, and the decline in
the substitution rate therefore predicted to be <20%,
itis perhaps unsurprising that selection for translational
efficiency does not appear to affect the substitution rate
greatly. As such, the MSD hypothesis appears to be con-
sistent with the results presented here if we suppose
that highly expressed genes have lower mutation rates
than weakly expressed genes.

HARTL et al. (1994) and AKRASHI (1995) have also
presented evidence that supports the MSD hypothesis.
HARTL and colleagues estimated the strength of selec-
tion upon codon bias in the E. coli gnd gene under
the MSD hypothesis by two independent methods and
found good agreement. Some caution should be exer-
cised with this result since the gndlocus is close to the O
antigen genes that are thought to be under diversifying
selection (BISERIC et al. 1991; JIANG et al. 1991; WANG
et al. 1992) . AkasHI (1995) has shown that the pattern

of polymorphism and fixation at synonymous sites in
Drosophila is consistent with the MSD hypothesis; muta-
tions to optimal codons have a higher chance of fixation
relative to their appearance as polymorphisms than mu-
tations to suboptimal codons.

However there are several problems with the MSD
hypothesis. First, if all synonymous sites in a gene are
under similar levels of selection the parameter range
over which one can get intermediate levels of bias in a
gene is very small; if Ns is much less than one then
there will be no codon bias, and if N,s is much greater
than one the optimal codon will be used at every site
in the gene (see Equation 6). As AKASHI (1995) has
pointed out this problem is alleviated if the strength of
selection varies considerably between sites; such varia-
tion in the strength of selection has been detected in
Drosophila (AkasHI 1994) and possibly to a limited
extent in E. coli (LAWRENCE et al. 1991; EYRE-WALKER
1994b) . Second, BULMER (1991 ) has estimated on bio-
chemical grounds that the strength of selection on syn-
onymous codon bias in unicellular organisms should be
1/100th the expression level of the protein concerned
(relative to the total protein production) if selection is
acting on translational speed. This can be considered
a minimum estimate of the selection strength since any
other selection pressures influencing synonymous co-
don use must be greater if they are to have an effect.
The selection upon synonymous sites in ribosomal pro-
teins is thus estimated to be ~10~*, which implies that
the effective population size of E. coli must be ~10* if
the MSD hypothesis is correct. Not only does this seem
anomalously low, it is also at odds with estimates of
effective population sizes from heterozygosity data,
which are ~10°® (HARTL et al. 1994).

Finally the absolute level of synonymous site diver-
gence between E. coli and S. typhimurium appears to be
too low to be consistent with the MSD hypothesis. This
divergence is expected to be ~2uz in weakly expressed
genes, where u is the mutation rate and ¢ the time since
divergence. It is possible to obtain a rough estimate of
2ut. The rate of 16S rRNA evolution in prokaryotes
has been estimated in two independent studies to be
between 1 and 2% per 50 million years (OCHMAN and
WILSON 1987; MORAN ¢t al. 1993); this puts the diver-
gence of the two species between 70 and 140 million
years ago. Three clocks calibrated in eukaryotes have
put the divergence time at 35 million years ago (HoRr1
and OsawA 1978; NELSON et al. 1991; PESOLE et al.
1991), but we prefer the estimate based on a prokaryote
clock. The mutation rate has been estimated to be 4 X
107" in weakly expressed E. coli genes (HALL 1990,
1991); since the mutation rate per genome is very simi-
lar across microbes (DRAKE 1991) and S. #yphimurium
has roughly the same genome size as E. coli, it seems
likely that this is, and has been, the mutation rate since
the two lineages diverged. E. coli is thought to divide
once every one or two days in the mammalian gut and
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not to divide outside the host, where it dies within a
few days (SAVAGEAU 1983; SELANDER et al. 1987). This
suggests that E. coli goes through ~180-360 genera-
tions per year. Hence if we assume that E. coli and S.
typhimurium diverged 100 million years ago and that E.
coli goes through 180 cell divisions per year, we would
expect the synonymous site divergence to be 14.4. The
number of substitutions observed (0.69 from Table 2)
is an order of magnitude fewer than expected. This
suggests that a proportion of synonymous sites might
be under strong selection even in weakly expressed
genes and that synonymous codon use cannot be viewed
simply as a balance between mutation, selection in favor
of optimal codons and genetic drift.

We are grateful to KEN RuDD for help with compiling
the data sets, to OTTO BERG and MATTIAS MARTELIUS
for showing us their manuscript before publication, and
to two anonymous referees for their comments.
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